Dihydropyrimidine dehydrogenase (DPD, encoded by DPYD) is the rate-limiting enzyme in the uracil catabolic pathway and has a pivotal role in the pharmacokinetics of the commonly prescribed anticancer drug 5-fluorouracil (5-FU). Deficiency of DPD, whether due to inadequate expression or deleterious variants in DPYD, has been linked to severe toxic responses to 5-FU. Little is known about the mechanisms governing DPD expression in the liver. In this report, we show increased accumulation of RNA-induced silencing complex (RISC) proteins on DPYD mRNA in cells overexpressing the highly homologous microRNAs (miRNA) miR-27a and miR-27b. These miRNAs were shown to repress DPD expression through two conserved recognition sites in DPYD. The IC 50 of 5-FU for HCT116 cells overexpressing miR27a or miR-27b was 4.4 mmol/L (both), significantly lower than that for cells expressing a nontargeting (scramble) control miRNA (14.3 mmol/L; P ¼ 3.3 Â 10 À5 and P ¼ 1.5 Â 10 À7 , respectively). Mouse liver DPD enzyme activity was inversely correlated with expression levels of miR-27a (R 2 ¼ 0.49; P ¼ 0.0012) and miR27b (R 2 ¼ 0.29; P ¼ 0.022). A common variant in the hairpin loop region of hsa-mir-27a (rs895819) was also shown to be associated with elevated expression of the miR-27a in a panel of cell lines (P ¼ 0.029) and in a transgenic overexpression model (P ¼ 0.0011). Furthermore, rs895819 was associated with reduced DPD enzyme activity (P ¼ 0.028) in a cohort of 40 healthy volunteers. Taken together, these results suggest that miR-27a and miR-27b expression may be pharmacologically relevant modulators of DPD enzyme function in the liver. Furthermore, our data suggest that rs895819 may be a potential risk allele for 5-FU sensitivity.
Introduction
The pyrimidine analog 5-flourouracil (5-FU), and its prodrug capecitabine, are commonly administered for the management of several solid tumors, most notably colorectal cancer. Adverse reactions to 5-FU are relatively frequent, with grade 3 or higher toxicity occurring in up to 34% of recipients (1) . Dihydropyrimidine dehydrogenase (DPD) is the rate-limiting enzyme in the uracil catabolic pathway, which is responsible for converting 80% to 90% of administered 5-FU to the inactive metabolite 5-dihydrofluorouracil (2) . Certain genetic variations in DPYD have been shown to impair DPD enzyme function (3) and significantly increase the risk of fluoropyrimidine toxicity by increasing exposure to 5-FU over time (4) . DPYD variations are important contributors to 5-FU toxicity risk, although they are thought to only account for approximately 30% of cases of severe toxicity to 5-FU (5) .
Intraindividual differences in DPD expression, potentially due to epigenetic factors, have also been suggested to contribute to variable 5-FU sensitivity and variable 5-FU efficacy. 5-FU chemoresistance has been shown to be associated with high tumor expression of DPD in various cancers, including colorectal (6), gastric (7), lung (8) , and oral (9) cancers. Strong correlations have been noted between DPD protein expression and enzymatic activity in human lymphocytes (10) , and correlations between DPYD mRNA expression and DPD activity have been reported in liver specimens (11) . However, a number of studies have identified discrepancies between DPYD mRNA expression, DPD protein expression, and DPD enzymatic activity [for example (12, 13) ], suggesting that DPD expression may be regulated at the posttranscriptional level. Promoter methylation has been proposed as a potential regulatory mechanism for DPD expression (14, 15) ; however, more recent clinical studies failed to establish an association with toxicity (16) . Recent data have suggested that microRNAs (miRNA) may posttranscriptionally regulate DPD expression in lung tumors, (17) although the contributions to 5-FU sensitivity and resistance have not been evaluated.
The objectives of the present study were to determine the physiologic relevance of miR-27a-and miR-27b-mediated regulation of DPD to 5-FU toxicity and resistance. This study additionally investigated the functional impact of the hsa-mir-27a hairpin region single-nucleotide polymorphism (SNP) rs895819 on expression of mature miR27a and, consequently, DPD enzymatic activity in human circulating cells. On the basis of computational predictions, we hypothesized that miR-27a and miR-27b posttranscriptionally repressed DPD through two recognition sequences located directly upstream and downstream of the DPYD termination codon. The results presented in this article provide direct physiologic evidence that miR-27a and miR-27b are important contributors to cellular sensitivity to 5-FU.
Materials and Methods

Cells
Low-passage HEK293T/c17 (culture CRL-11268), HCT116 (culture CCL-247), and HT-29 (culture HTB-38) cells were obtained from the American Type Culture Collection (ATCC) and maintained at 37 C in a humidified incubator with an atmosphere of 5% CO 2 . Cells were cultured using Dulbecco's Modified Eagle Medium (Mediatech) supplemented with 10% FBS (Denville Scientific), 100 U/mL penicillin (Mediatech), and 100 mg/mL streptomycin (Mediatech). Lymphoblastoid cell lines from unrelated individuals were obtained from the Coriell Institute for Medical Research (Camden, NJ) and were maintained in RPMI-1640 medium (Mediatech) supplemented with 10% FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin. Cell identities of all lines were confirmed and monitored as previously reported (3). Aliquots of low-passage cells were cryopreserved within 2 weeks of receipt. Cells were cultured for no more than 10 total passages or 2 months. All cell lines were periodically monitored for mycoplasma using Hoechst staining (Sigma-Aldrich). Culture identity and health were monitored by microscopy and by comparing the population doubling times with baseline values determined at the time of receipt. Additional authentication of cell lines beyond that described above was not performed.
Vector construction
To generate miRNA expression vectors, annealed oligonucleotides (Integrated DNA Technologies) were cloned into the pLKO.1-TRC vector (18) , which was obtained from Addgene (plasmid #8453). Control vectors pCMV-GFP (plasmid 11153; ref. 19 ) and pLKO.1-scramble (plasmid 17920; ref. 20) , and lentiviral packaging vectors pMD2.G (plasmid 12259) and psPAX (plasmid 12260), were obtained from Addgene. Plasmid sequences were confirmed at the Mayo Clinic Advanced Genomics Technology Center (Rochester, MN).
Lentiviral production
Lentiviral particles were produced by cotransfection of HEK293T/c17 cells with expression and packaging vectors using TransIT-LT1 (Mirus Bio) at the ratios recommended by Addgene. Twenty-four hours following transfection, media were removed, cells were rinsed with PBS, and fresh media added back to plates. Virus-containing supernatants were collected at 48 and 72 hours after transfection and pooled. To remove cellular debris, supernatants were centrifuged at 600 Âg and passed through a 0.45-mm PES membrane filter (EMD Millipore). All transductions were conducted in the presence of 8 mg/mL final concentration polybrene (EMD Millipore). Transduction with viral supernatants for pCMV-GFP, prepared in parallel with experimental samples, was used to assess transduction efficiency.
Western blotting
Protein lysates were separated on a 10% SDS-PAGE gel and transferred to polyvinylidene difluoride (PVDF)-FL membrane (EMD Millipore). Membranes were blocked using Odyssey blocking buffer (LI-COR Biosciences). Blots were probed with primary antibodies against DPD and a-tubulin (both AbCam) and subsequent secondary IRDye800-conjugated goat antimouse and IRDye680-conjugated goat anti-rabbit (both LI-COR Biosciences). Blots were scanned and band intensities quantified using the Image Studio 3.1 and LI-COR Odyssey Infrared Imaging System according to manufacturer's instructions.
Measurement of DPYD gene expression
Total RNA was extracted using TRizol and the NucleoSpin miRNA purification kit. Reverse transcription reactions were completed using Transcriptor Reverse Transcriptase with oligo-d(T) primers, according to manufacturer's directions. Quantitative PCR was carried out using PrimeTime qPCR Primer/Probe Assays (Integrated DNA Technologies) in LightCycler 480 Probes Master enzyme mix (Roche Applied Science). Human DPYD and GAPDH were amplified and detected using PrimeTime assay numbers Hs.PT.56a.40723155 and Hs.PT.39a.22214836, respectively. Amplification efficiencies for both assays were greater than 95% (data not shown). As such, the 2
, was used to measure DPYD expression for cells overexpressing miR-27a and miR27b ("sample" in the above equation) normalized to expression for cells overexpressing the nontargeting control ("scr" in the above equation) at each time point assayed. Methods and reagents used to measure gene expression in mouse tissues are detailed in the relevant subsection below.
Cell viability assays
Cell viability in the presence of 5-FU was measured in HCT116 cells following transduction of lentiviral particles using CellTiter-Blue (Promega) as previously reported (3).
Luciferase reporter system
HCT116 RNA was reverse transcribed using the Transcriptor High Fidelity cDNA Synthesis Kit (Roche Applied Science) using oligo-d(T) primers. The 3 0 56 nucleotides of the open reading frame (ORF) and the 3 0 untranslated region (3 0 -UTR) of DPYD were amplified by PCR (Phusion High-Fidelity DNA Polymerase; New England Biolabs) using primers 5 0 -CAACACCTTATGAACCA-AAGAGAGGC-3 0 and 5 0 -ATGCTTTATGATATTTTATT-TG-3 0 and cloned into the pTK-Gluc vector (New England Biolabs). Mutations were introduced into the predicted miRNA seed-binding sites using the Phusion Site-Directed Mutagenesis Kit (New England Biolabs). Independent clonal cell lines stably expressing each of the reporter constructs were selected using G418 (Mediatech), following transfection of linearized plasmid. miRNA mimics and inhibitors were obtained from Qiagen and transfected using HiPerFect (Qiagen) as per manufacturer's instructions. AllStars Hs Cell Death siRNA (Qiagen) was used as a transfection control and to establish residual luciferase activity at time of reading. Luciferase levels were measured after 48 hours using the BioLux Gaussia Luciferase Flex Assay Kit (New England Biolabs). Luciferase activity is reported relative to that for the scramble control. P values were determined using a two-tailed unpaired Student t test.
Mouse lines and tissue preparation
Remnant liver tissues from FVB/NTac female mice (lines obtained from Taconic) that were older than 8 weeks were kindly provided by Dr. Paul F. Lambert, at the University of Wisconsin-Madison (Madison, WI). Tissue collection was conducted in accordance with protocols approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Wisconsin. Following resection from mice, livers were immediately snap frozen and stored at À80 C until use. For enzyme activity quantitation, specimens were lysed using a Bullet Blender Storm (Next Advance) with an equivalent tissue volume of 0.1-mm diameter glass beads in buffer consisting of 35 mmol/L potassium phosphate at pH 7.4, 2.5 mmol/L MgCl 2 , 0.035% 2-mercaptoethanol, and cOmplete EDTAfree protease inhibitor cocktail (Roche Applied Science). Lysates were cleared by centrifugation and total protein concentration was determined using the Pierce 660 nm Protein Assay (Thermo Fisher Scientific). DPD enzyme activity was measured using the high-performance liquid chromatography (HPLC)-based assay previously reported by our laboratory (3).
For total RNA isolation, liver tissues were lysed in TRizol (Life Technologies) with an equivalent tissue volume of 0.1-mm diameter glass beads using the Bullet Blender Storm. Total RNA was purified using the NucleoSpin miRNA purification kit (MACHEREY-NA-GEL), and reverse transcription reactions were performed using the Universal cDNA Synthesis Kit II (Exiqon). Quantitative PCR was carried out using TaqMan Gene Expression Assays (Life Technologies) primer and probes in LightCycler 480 Probes Master enzyme mix (Roche Applied Science). Mouse DPYD and GAPDH were amplified and detected using assay numbers Mm00468111_m1 and Mm99999915_g1, respectively, and calculation of normalized relative DPYD expression was performed as described for human DPYD above. miRNA expression was measured for mouse tissues similarly as for cell lines as described below.
miRNA expression
Total RNA from cell lines was harvested using TRizol followed by purification using the NucleoSpin miRNA purification kit. RNA was treated using Ambion TURBO DNase Treatment and Removal reagents (Life Technologies) as per manufacturer's instructions. RNA from mice was purified as described above. Reverse transcription reactions were performed using the Universal cDNA Synthesis Kit II (Exiqon). miRNA expression was assayed by quantitative PCR using locked nucleic acid (LNA)-based primers specific to each miRNA. Primers were ordered from Exiqon to amplify miR-27a (product number 204764), miR-27b (product number 205915), and RNU5G (product number 203908). Reactions were carried out using LightCycler 480 SYBR Green I Master on a LightCycler 480 (Roche Applied Science) using cycling parameters recommended by manufacturer. Amplification products were confirmed by melt curve analysis. Relative expression of miR-27a and miR-27b relative to RNU5G was determined using the 2 ÀDDC T method as described above.
RNA-induced silencing complex immunoprecipitation
The RNA-induced silencing complex (RISC) immunoprecipitation (IP) protocol was adapted from that of Keene and colleagues (21) . Briefly, HCT116 cells were transduced as described above and lysed in polysome lysis buffer (21) . A mixture of Protein A and Protein G PureProteome Magnetic Beads (EMD Millipore) were precoated with anti-pan AGO antibody (clone 2A8; EMD Millipore) and subsequently mixed with precleared lysate. Following washes, beads were resuspended in NT2 buffer (21) supplemented with Proteinase K (Roche Applied Science). Total RNA was extracted using TRizol and the NucleoSpin miRNA purification kit. Reverse transcription reactions were completed using Transcriptor Reverse Transcriptase using a mixture of oligo-d(T) and random hexamer primers, according to manufacturer's directions. Quantitative PCR for DPYD was carried out using PrimeTime qPCR Primer/Probe Assay Hs. PT.56a.40723155 (Integrated DNA Technologies) in LightCycler 480 Probes Master enzyme mix.
Human volunteer study
DNA from 53 African American volunteers collected previously at University of Alabama at Birmingham was genotyped for rs895819 using a TaqMan genotyping assay available from Life Technologies. DPYD genotypes and DPD enzyme activity have been previously reported for all individuals used in this study (22) , which was approved by the Institutional Review Boards of the University of Alabama at Birmingham (IRB# F020610007 and X000830002) and subsequently at Mayo Clinic (IRB# 09-007080). Inclusion in the present study was contingent on the availability of adequate DNA for genotyping and the lack of known variants associated with DPD deficiency, including DPYD: IVS14þ1G>A (rs3918290), p.I560S (rs55886062), p.D949V (rs67376798), or p.Y186C (rs115232898). Statistical tests were performed using PLINK version 1.07 (23) and the R Environment for Statistical Computing version 3.0.1 (R Foundation for Statistical Computing).
Bioinformatics
Potential miRNA binding sites were predicted using the software package PicTar (24) . RNA:miRNA duplex structures were predicted, and minimum free energy (MFE) values were calculated using the RNAhybrid software program (25) . The RNAfold software program, as implemented in the Vienna RNA Package version 2.0 (26), was used to predict MFE and centroid (weighted average of possible conformations) pre-miRNA hairpin structures.
Statistical tests
All data analyses and transformations were performed using JMP version 9.0.3 (SAS Institute Inc.), unless otherwise noted. Additional tests and software algorithms used are described in relevant sections above.
Results
In silico modeling predicts two binding sites for miR-27a and miR-27b in DPYD miRNA target specificity is largely determined by the approximately 7-nucleotide region at the 5 0 end of the miRNA, termed the seed region. Candidate miRNA target sites in the 3 0 UTR of DPYD (NM_000110) were predicted using PicTar (24) . A conserved seed-region binding site for miR-27a and miR-27b was detected in the 3 0 UTR, located 21 to 27 nucleotides downstream of the stop codon (Fig. 1A) . A manual search of the mRNA revealed an additional conserved seed-region site located 14 to 20 nucleotides upstream of the 3 0 UTR in the ORF. The sequence of miR-27a is highly conserved in mammals (Fig. 1B) and has a calculated MFE of À17.6 kcal/mol when bound to the ORF binding site (Fig. 1C) H. sapiens AAGAGAGGCGTACCCTTATCTGTGAAT---CCGGTGTGTTAAGGTGATTTGTGAAACAGTTGCTGTGAAC P. troglodytes AAGAGAGGCGTACCCTTATCTGTGAAT---CCGGTGTGTTAAGGTGATTTGTGAAACAGTTGCTGTGAAC M. musculus AAGAGAGGCTTGCCCTTAGCTGTGAATGATCTGGTGTGTTAAGGTGATTTGTGAAACTGTGGCTGTGAAC C. familiaris AAGAGAGGCCTACCATTAGCCGTGAA---GCCGGTGTGTTAAGGTGATTTGTAAGACAGCTGCTGTGAAC ********* * ** *** * ***** * ******************** * ** * *********
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H. sapiens GUUCACAGUGGCUAAGUUCCGCC P. troglodytes GUUCACAGUGGCUAAGUUCCGCC M. musculus GUUCACAGUGGCUAAGUUCCGCC C. familiaris GUUCACAGUGGCUAAGUUCCG--********************* H. sapiens GUUCACAGUGGCUAAGUUCUGCA P. troglodytes GUUCACAGUGGCUAAGUUCUGCA M. musculus GUUCACAGUGGCUAAGUUCUGCA C. familiaris GUUCACAGUGGCUAAGUUCUGC-********************** of À22.7 kcal/mol when bound to the UTR binding site (Fig. 1D) . miR-27b is likewise highly conserved (Fig. 1E) , and shows a favorable calculated MFE when bound to the ORF (À18.4 kcal/mol; Fig. 1F ) and the UTR (À29.4 kcal/ mol; Fig. 1G ) predicted sites.
Endogenous DPD expression is reduced by miR-27a and miR-27b overexpression DPD expression was measured in HCT116 colorectal carcinoma cells after transduction with lentiviral particles encoding miR-27a, miR-27b, or a nontargeting (scramble) control. Seventy-two hours following transduction, we noted robust reductions of endogenous DPD expression for cells overexpressing either miR-27a or miR-27b relative to the nontarget control ( Fig. 2A) . Quantitation of pooled results from replicate experiments showed that cells overexpressing miR-27a had a 31% reduction in DPD expression compared with control (P ¼ 0.027), and that DPD expression was repressed by 51% in miR-27b-overexpressing cells (P ¼ 0.018, Fig. 2B ). Similar results were noted when experiments were repeated using HT29 colorectal adenocarcinoma cells (data not shown). This reduction in protein level was accompanied by reduced mRNA expression (Fig. 2C) , suggesting that repression of expression occurs, at least in part, through targeted degradation of DPYD.
miR-27a and miR-27b expression sensitizes cells to 5-FU
To determine whether the level of DPD repression was adequate to affect cellular sensitivity to 5-FU, the IC 50 for the drug was determined in HCT116 cells overexpressing miR-27a, miR-27b, or a nontargeting (scramble) control (Fig. 2D) . The IC 50 for 5-FU in cells expressing miR-27a or miR-27b was 4.4 mmol/L and 4.4 mmol/L, significantly lower than that for the nontargeting control, 14.3 mmol/L (P ¼ 3.3 Â 10 À5 and P ¼ 1.5 Â 10 À7 , respectively).
Argonaute-mediated interaction between DPYD and miR-27a/miR-27b
To determine whether miR-27a and miR-27b repressed DPD expression via recruitment of RISC components to the DPYD transcript, lysates from cells overexpessing miR-27a, miR-27b, or the nontargeting (scramble) control were immunoprecipitated using anti-pan AGO antibodies. The relative amounts of RISC-associated DPYD were measured using quantitative real-time (RT)-PCR. A schematic of the RISC-IP procedure is presented in Fig. 3A .
Cells overexpressing miR-27a showed a 2.2-fold increase in RISC-associated DPYD, relative to cells expressing the nontargeting control (P ¼ 0.0098; Fig. 3B) ; a 3.0-fold increase over control was noted for cells overexpressing miR-27b (P ¼ 0.032). Nonspecific antibody-independent binding of DPYD to Protein A/G substrate was undetectable, and total RNA yields were <0.4% of those from experimental samples (data not shown). These data suggest that miR-27a and miR-27b can mediate the targeting of AGO-containing RISC complexes to DPYD to regulate expression of DPD.
Both putative binding sites are targets of miR-27a and miR-27b
To determine which of the predicted binding sites are functional targets for miR-27a and miR-27b, we generated luciferase reporter constructs containing the 3 0 UTR of DPYD with an additional 56 bases of upstream ORF sequence, which contained the second predicted binding site (Fig. 4A) . To confirm specificity for the identified binding sites, mutations were introduced into the predicted ORF-binding site, the predicted UTR-binding site, and both binding sites (Fig. 4B) . Independent clonal HCT116 cell lines stably expressing each of the luciferase reporter constructs were selected and transfected with RNA mimics of miR-27a, miR-27b, or a nontargeting control miRNA with no homology to known protein-coding genes. Mutation of both binding sites led to a significant increase in luciferase activity following transfection with miR-27a mimics (P ¼ 1.9 Â 10
À4
, Fig. 4C ), suggesting that the sites may be targets of miR-27a-mediated repression. Mutations at either single binding site also caused a significant, but less severe, increase in luciferase activity following miR-27a transfection (P ¼ 0.048 and P ¼ 0.0051). Compared with cells expressing the reporter with both sites mutated, those with single-site mutations had significantly lower luciferase activity (P ¼ 0.0095 and P ¼ 0.035). Similar trends were noted for cells transfected with miR-27b (Fig. 4C) , in which mutation of both binding sites significantly increased luciferase activity (P ¼ 1.6 Â 10
À5
), and mutation of either single site resulted in an intermediate increase in activity (P ¼ 0.026 and P ¼ 0.0030) that was significantly lower than the double-site mutation (P ¼ 0.0039 and P ¼ 0.0060). No significant differences in luciferase expression were noted between the single-site mutations following transfection with either miRNA, suggesting that both sites may participate in repression.
Correlation between DPD activity and miRNA expression in liver
Following administration, the majority of 5-FU catabolism occurs in the liver. To determine if miR-27a and miR27b levels correlated with DPD function ex vivo, liver RNA and protein were purified from 18 mice. DPD protein activity was assayed for each protein lysate by measuring the reduction of radiolabeled 5-FU to 5,6-dihydrofluorouracil (DHFU), and expression of miR-27a, miR-27b, and . miR-27a and miR-27b recognize both predicted target sites in DPYD. A, the 3 0 UTR and 56 nucleotides of upstream coding ORF sequence of DPYD were cloned into expression vectors directly downstream of the Gaussia luciferase gene. Solid black bars, locations of the predicted miR-27a and miR-27b binding sites. B, expression vectors harboring mutations in the predicted miRNA binding sites were generated. Dark marks on the diagram indicate that mutations were introduced into that particular site. Stable clonal HCT116 cell lines expressing each of the indicated vectors were generated. Three clonal lines each were generated expressing the single-site mutations (dark gray and light gray). Four clonal lines were generated to express the unmutated construct (black) and the double-site disruptions (white). C, relative luciferase activity was determined following transfection with RNA mimics of miR-27a, miR-27b, and a nontargeting control miRNA. Results were normalized to the nontargeting control. Each cell line was transfected and relative luciferase activity was measured in triplicate. The mean relative luciferase activity of clonal lines is presented AE SD. P values were calculated using the two-tailed unpaired Student t test, assuming normal distribution. Constructs showing significantly lower luciferase activity compared with clones expressing the double-mutations construct (P < 0.05) are indicated with an asterisk; those showing significantly higher luciferase activity than clones expressing the unmutated construct (P < 0.05) are indicated with a dagger.
DPYD were measured using quantitative RT-PCR. DPD enzyme activity was negatively correlated with expression of miR-27a (P ¼ 0.0012; Fig. 5A ) and miR-27b (P ¼ 0.022; Fig. 5B ). Negative correlations with DPYD expression were also noted for miR-27a (P ¼ 0.0023; Fig. 5C ) and miR-27b (P ¼ 6.4 Â 10
À4
; Fig. 5D ). As expected, positive correlations were noted between DPYD expression and DPD activity (P ¼ 0.019; Fig. 5E ) and between miR-27a and miR-27b expression (P ¼ 6.4 Â 10
À8
, Fig. 5F ). These results provide evidence that miR-27a and miR-27b regulate liver DPD and are involved in 5-FU catabolism in vivo.
Effect of rs895819 on miR-27a expression
The rs895819 polymorphism, located within the coding region for the hsa-mir-27a hairpin, is relatively common with a global minor allele frequency of 35%, as estimated using 1000 Genomes data (27) . To determine the impact of this SNP on the stability of the hairpin structure, we modeled the MFE and centroid structures (weighted average of possible structural conformations) for hsamir-27a with and without the rs895819 variant using RNAfold (26) . The larger hairpin structure shown on the left-hand side of which results in a loop region that is two bases larger than the "wildtype" hairpin shown on the right-hand side.
Larger hairpin loop regions of many miRNA precursors, including hsa-mir-27a, have been previously shown to be more effectively processed, prompting our hypothesis that expression of miR-27a would be higher in the presence of rs895819 due to more effective miRNA maturation (28) . To test this hypothesis, we measured miR-27a expression in lymphoblastoid cell lines that had been genotyped for rs895819 (Fig. 6B) . Cells homozygous for the SNP (C allele) had approximately 50% higher miR-27a expression compared with those homozygous for the wild-type T allele (P ¼ 0.029). Intermediate expression was noted for heterozygous cell lines.
To confirm that the noted expression differences were not an artifact of the varied genetic background of the lymphoblastoid lines, expression constructs encoding the wild-type and variant alleles were expressed in HEK293T/c17 cells. miR-27a expression was 57% higher in cells expressing the variant construct encoding the G allele (corresponding to the C genotype for rs895819) compared with those expressing the wild-type A allele (P ¼ 0.0011; Fig. 6C ).
To determine whether the effect of rs895819 on miR-27a expression was adequate to affect DPD enzyme activity in carriers of the SNP, we genotyped for the variant in a cohort of individuals in which we previously measured DPD enzyme activity in peripheral blood mononuclear cells (22) . A multivariate analysis using a general linear model was used to test for association between rs895819 and altered DPD enzyme activity. Age, sex, and the DPYD SNP p.C29R (rs1801265), which previously showed evidence for contributing to increased DPD enzyme activity in circulating cells (22) , were treated as covariates. A dominant model for rs895819, in which both heterozygous and homozygous carriers of the variant were grouped, was assumed for these analyses. Following correction for covariates, carriers of rs895819 showed significantly less enzyme activity than noncarriers (P ¼ 0.028, Fig. 6D ). This finding suggests that rs895819 may contribute to 5-FU response.
Discussion
As the rate-limiting enzyme of the uracil catabolic pathway, DPD plays a critical role in determining the pharmacokinetics of 5-FU. Other than genetic variants in DPYD, the mechanisms that regulate DPD enzyme activity in the liver, and by extension 5-FU cytotoxicity, are poorly understood. In this study, we addressed this limitation and provide physiologically relevant evidence that DPD is posttranscriptionally controlled by two highly homologous miRNAs, miR-27a and miR-27b.
Previous reports have suggested that miR-27a may contribute to 5-FU resistance in tumors, potentially through indirect regulation of the drug efflux protein multidrug resistance protein 1 (MDR1, encoded by ABCB1; refs. 29-31); however, the role of MDR1 in 5-FU transport is unclear (32) . In the present article, we provide evidence that AGO proteins, catalytic components of RISC, accumulate in greater numbers on DPYD mRNA in cells that overexpress miR-27a and miR-27b (Fig. 3) , leading to repression of DPD ( Fig. 2A and B) and increased sensitivity to 5-FU (Fig. 2D) . These data are supported by luciferase reporter studies presented in Fig. 4 . Deletion of either predicted miR-27a/miR-27b recognition site in DPYD significantly increased luciferase expression, suggesting that both sites may be targets of RISC-mediated repression (Fig. 4C) . Overall, these data suggest that DPYD is a direct downstream target of miR27a and miR-27b, and that expression levels of either miRNA may, thus, directly affect tumor response to Figure 6 . The hsa-mir-27a hairpin SNP rs895819 leads to increased expression of mature miR-27a. A, hsa-mir-27a centroid structures corresponding to the T and variant C alleles of rs895819 (A and G in the hairpin structures were modeled using RNAfold; ref. 26) . A color scale representing the probability of base pairing for each residue is presented. B, expression of mature miR-27a was determined by quantitative RT-PCR for 94 lymphoblastoid cell lines that were genotyped for rs895819. Results are reported relative to the control RNU5G. Horizontal bars, mean expression; boxes, SEM; error bars, 95% confidence intervals. C, expression vectors encoding wild-type hsa-mir-27a (T allele, WT), rs895819 (C allele, VAR), and a nontargeting control miRNA (SCR) were transfected into HEK293T/c17 cells and expression of mature miR-27a was measured by quantitative RT-PCR. Three independent biologic replicates were performed. Data for each replicate were normalized using the Z-score method, and pooled data were rescaled relative to SCR and WT. D, healthy volunteers for whom DPD enzyme function had been previously quantified (22) were genotyped for the rs895819 variant. DPD enzyme activity (presented as pmol 5-FU reduced per min per mg of total protein) following correction for covariates (age, sex, and DPYD-p.C29R status) is presented for noncarriers (WT) and carriers of rs895819. Mean, SE, and 95% confidence intervals are presented as in B. P values for all experiments were calculated using the two-tailed Student t test.
5-FU.
Additional studies are needed to clarify the contributions to 5-FU sensitivity of other pathways downstream of miR-27a and miR-27b.
As the primary site of 5-FU inactivation, 80% to 90% of administered 5-FU is inactivated by DPD in the liver (2) . As such, alteration in liver DPD activity can have profound effects on 5-FU pharmacokinetics, which could potentially lead to decreased drug efficacy due to elevated catabolism (high DPD expression) or clinical toxicity due to impaired catabolism (low DPD expression). In the present study, we provide evidence that liver DPD expression may be regulated in part by miR27a and miR-27b (Fig. 5A and B) . These correlations are consistent with those previously reported for miR-27a and 5-FU sensitivity in cellular models of hepatocellular carcinoma (31) . In our study, inverse correlations were also noted between DPYD mRNA expression and miR27a/miR-27b expression ( Fig. 5C and D) , and DPYD mRNA expression was reduced following overexpression of either miR-27a or miR-27b (Fig. 2C) . These data are consistent with miR-27a/miR-27b targeting RISC proteins to DPYD, leading to mRNA degradation as a means to repress DPD expression (33) .
Finally, we present evidence that a variant within the hsa-mir-27a hairpin-coding region (rs895819) can alter miR-27a expression and subsequently DPD enzyme levels (Fig. 6) . Studies of the relevance of rs895819 to various cancers have yielded unclear, and at times conflicting, results. The variant C allele has been shown to be protective against certain types of breast cancer (34) (35) (36) , to be both a risk (37) and protective (38) allele in gastric cancer, and unassociated with risk in colorectal cancer (39) . Although the variant was originally hypothesized to impair maturation of miR-27a (34) , it was later shown to correlate with increased expression (37) . This result is consistent with the increase in miR-27a expression we noted in both lymphoblastoid lines (Fig. 6B) and by direct evaluation of function using an isogenic system of expression (Fig. 6C) . We additionally showed that DPD activity was significantly lower in rs895819 carriers than in noncarriers (Fig. 6D) . Further studies are underway to determine whether the reduction (and the SNP) associates with clinical 5-FU toxicity.
Overall, these findings demonstrate that DPYD may be a direct functional target of RISC-mediated repression by miR-27a and miR-27b. The results presented in this article provide evidence that regulation of DPD by miR-27a/miR-27b may be physiologically relevant to both tumor resistance and clinical toxicity to 5-FUbased chemotherapy.
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